Pkd1-KO, but not in controls. Conclusion: These findings suggest that pioglitazone may have a unique antihypertensive effect in polycystic kidney disease, and that such an effect may promote improved survival.
because of their anti-neoplastic properties. This has been demonstrated in lung, breast, colon, thyroid, melanoma, renal cell, and pancreatic cancer, to name a few. TZDs are anti-neoplastic through: (1) promoting cellular differentiation, (2) inducing apoptosis, (3) being anti-proliferative, (4) inhibiting metastasis, and (5) being anti-angiogenic. Curiously, the anti-neoplastic effects of TZDs are both PPAR-␥ -dependent and independent [3] .
Epithelia in ADPKD have features of malignant cells, including disordered apoptosis, de-differentiation, and proliferation [4] . Given their anti-apoptotic and anti-proliferative effects, as well as their benefits on renal function and blood pressure in animal models, we studied the effect of pioglitazone in the PC-Pkd1-KO mouse model of ADPKD. These mice develop cystic kidney disease at 1 week postnatally due to homozygous mutation of the Pkd1 gene in principal cells; cystic kidney disease progresses with a mean survival of approximately 2 months [5] . The main objectives of the current study were to determine if pioglitazone: (1) provides a survival benefit, (2) has an effect on renal function, (3) reduces proliferation in cystic epithelia, and (4) reduces cyst formation and kidney weight.
Methods

Generation of PC-Pkd1-KO Mice
Principal cell-specific deletion of the Pkd1 gene in mice was achieved as previously described [5] . Two lines of mice were used: (1) mice containing a transgene expressing Cre recombinase under the control of the aquaporin-2 promoter (AQP2-Cre) that express Cre selectively in renal collecting duct principal cells, and (2) mice with loxP-flanked exons 1 and 4 of the Pkd1 gene ( Pkd1 cond ). AQP2-Cre transgenic female mice heterozygous for the Pkd1 cond allele were bred with male mice homozygous for the Pkd1 cond allele. Offspring heterozygous for AQP2-Cre and homozygous for the Pkd1 cond allele have principal cell-specific knockout of the Pkd1 gene (PC-Pkd1-KO) and develop cystic kidney disease. Littermates homozygous for the Pkd1 cond allele, but without AQP2-Cre, do not have evidence of cystic kidney disease or renal dysfunction and were used as controls.
Pioglitazone Treatment
During gestation, all animals received standard mouse chow. On the day after giving birth, mothers were fed standard mouse chow with or without pioglitazone at 30 mg/kg food. At 3 weeks of age, mice were weaned and genotyped to detect the AQP2-Cre transgene and Pkd1 cond allele. Tail genomic DNA was PCR amplified for the AQP2-Cre transgene using oligonucleotide primers that amplify a region within Cre: CreF (5 -CAT TAC CGG TCG ATG CAA CGA G-3 ) and CreR (5 -TGC CCC TGT TTC ACT ATC CAG G-3 ). DNA was PCR amplified for the Pkd1 cond and Pkd1 wt alleles using primers GerF2 (5 -GGC TAT AGG ACA GGG ATG ACA T-3 ) and GerR6 (5 -CAT ATT CCT CAC CTG GGA ACA G-3 ). The amplified product of the Pkd1 cond allele is 34 base pairs longer than the wild-type allele, corresponding to the loxP site in intron 4. After weaning, the mice continued on their previously assigned diet.
Survival PC-Pkd1-KO and control mice treated with 30 mg/kg of pioglitazone were allowed to survive until natural death. Their survival was compared to that of untreated PC-Pkd1-KO and control animals.
Renal Function, Kidney and Body Weight
Treated and untreated PC-Pkd1-KO and control mice were sacrificed at 1 month of age to measure kidney weight, body weight, and serum urea (BioAssay Systems, Hayward, Calif., USA). The blood urea nitrogen (BUN; in mg/dl) was calculated by dividing the urea by 2.14.
Magnetic Resonance Images
The number of kidney cysts of treated and untreated PC-Pkd1-KO animals was compared using magnetic resonance images (MRIs). High-resolution MRI experiments were conducted on a 7.0 T scanner (BioSpec 70/30, Bruker BioSpin Co., Billerica, Mass., USA) using a 7.0-cm diameter volume transmit and a 1.0-cm diameter surface receive radiofrequency coils. For each specimen, two sets of 3D images (256 ! 128 ! 128 matrix size at 100 m isotropic spatial resolution) were obtained using standard RARE sequence, including a fluid-attenuated inversion-recovery (600 ms inversion time, 800 ms TR, 7.3 ms effective TE, and ETL of 4) image and a proton-density (2,000 ms TR, 7.3 ms TE, and ETL of 8) image. The total scan time for the images was approximately 2 h. Cyst number was totaled from three sagittal sections: one from the center of the kidney; the other two were from either side half way from the center to the edge of the kidney.
Proliferation and Apoptosis
Paraffin-embedded kidney sections from treated and untreated PC-Pkd1-KO mice were deparaffinized and then subjected to antigen retrieval using 10 m M sodium citrate at pH 6.0. Sections were incubated with Ki67 rabbit monoclonal antibody, secondarily incubated with peroxidase conjugated anti-rabbit Ig, developed using 3,3-diaminobenzidine (DAB), and counterstained with hematoxylin (all reagents from Vector Laboratories, Burlingame, Calif., USA). DAB-positive cells were counted in 10 individual sections from each kidney. For apoptosis determination, terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) staining was performed on kidney sections using a commercially available kit.
Blood Pressure
Blood pressure of treated and untreated PC-Pkd1-KO and control mice was measured by tail cuff (BP-2000, Visitech Systems, Apex, N.C., USA).
Statistics
Survival analysis was done by the Kaplan-Meier method. Comparisons between pioglitazone-treated and untreated PCPkd1-KO mice and between pioglitazone-treated and untreated control mice were done by two-way analysis of variance. Comparison between cyst number in pioglitazone-treated and un-treated PC-Pkd1-KO mice was done by the Student's t test with unequal variances. p ! 0.05 was taken as significant. Data are expressed as mean 8 standard error.
Animal Use
All animal experiments were ethically approved by the University of Utah Institutional Animal Care and Use Committee.
Results
The mean survival of PC-Pkd1-KO animals fed a standard diet was 57.2 8 4.9 days. PC-Pkd1-KO mice fed pioglitazone had a mean survival of 90.2 8 11.5 days; this was longer than untreated PC-Pkd1-KO mice ( fig. 1 ). Control mice, either treated or untreated, were all alive at 3 months after birth.
PC-Pkd1-KO body weight was less than in controls. Pioglitazone increased body weight in control mice (9.9 8 0.2 vs. 16.3 8 0.3 g) and PC-Pkd1-KO mice (n = 16, 6.4 8 0.5 vs. 12.5 8 0.6 g; fig. 2 ). Kidney weight in control mice fed pioglitazone (228.2 8 8.7 g) was not different from control mice fed a standard diet (196.1 8 14 g). However, pioglitazone increased kidney weight in PC-Pkd1-KO mice (759 8 55 vs. 1,293 8 206 g; fig. 3 ). Percent body weight attributed to kidney weight was not different in control mice on a standard diet (1.30 8 0.03%) vs. pioglitazone (1.40 8 0.03%). In PC-Pkd1-KO mice, percent body weight attributed to kidney weight was markedly elevated, however the ratio of kidney:body weight was similar between PC-Pkd1-KO mice fed a standard diet (9.1 8 1.1%) or pioglitazone (10.9 8 2.1%; fig. 4 ).
Pioglitazone lowered BUN in controls (untreated 25.2 8 1.3 vs. treated 17.6 8 1.0 mg/dl) and PC-Pkd1-KO mice (treated 58.9 8 2.6 vs. untreated 50.3 8 5.1 mg/dl) when analyzed as a group effect, but there was no difference in the BUN response between the control and PCPkd1-KO groups ( fig. 5 ). PC-Pkd1-KO mice were quite hypertensive. Pioglitazone treatment reduced blood pressure in PC-Pkd1-KO mice (163. Effect of pioglitazone on body weight at 1 month of age. Body weight was lower in PC-Pkd1-KO than in control. Pioglitazone increased body weight similarly in control mice (n = 67 for untreated and n = 15 for treated) and PC-Pkd1-KO mice (n = 16 for untreated and n = 8 for treated). fig. 7 ). There was no difference in proliferation between treated and untreated PC-Pkd1-KO mice ( fig. 8 ) . Finally, cells undergoing apoptosis were virtually absent in all kidney sections, even in control animals.
Discussion
The current study demonstrates that mice with polycystic kidney disease live longer if they are treated with pioglitazone. These findings are curious because: (1) PCPkd1-KO mice treated with pioglitazone tended to have more cysts and heavier kidneys than untreated PC-Pkd1 KO mice; (2) the BUN was not different between treated and untreated PC-Pkd1-KO mice, and (3) there was no difference in proliferation or apoptosis. Thus, the current study does not support the notion that pioglitazone reduces cyst formation, cyst enlargement, proliferation or apoptosis. It is possible that pioglitazone reduced fibrosis, however non-cystic tissue is so sparse in the kidney that such a determination is not possible. The only parameter that was significantly improved in PC-Pkd1-KO mice on pioglitazone was blood pressure. Other studies, using pioglitazone in primarily diabetic or obese murine models, have had mixed effects on blood pressure [1, 2] . Interestingly, in our model, pioglitazone had no effect on blood Fig. 4 . Percent body weight attributed to kidney weight at 1 month of age. The ratio was not different between control mice on a standard diet (n = 5) or pioglitazone (n = 15); or between PC-Pkd1-KO mice fed a standard diet (n = 9) or pioglitazone (n = 8). Kidney: body weight ratio was greater in PC-Pkd1-KO than in controls. pressure in control mice. The reasons for this are speculative; however, Rodriguez et al. [6] showed that pioglitazone reduced blood pressure in diabetic mice, but not in control mice. While we did not investigate the mechanism(s) responsible for the blood pressure reduction, possibilities include suppression of inflammation and/or improved endothelial function [7] [8] [9] , conditions that would exist only in the diseased but in not the control animals. Indeed, Muto et al. [10] reported improved endothelial function in heterozygous Pkd1 mutants treated with pioglitazone. Regardless of the mechanism(s) involved, the current study suggests that improved blood pressure control in the PC-Pkd1-KO mice led to prolonged survival. That blood pressure reduction has such an effect would not be surprising given the known beneficial result of blood pressure control in improving kidney survival in patients with ADPKD [11] . Finally, it should be noted that the mechanisms by which PPAR ␥ is involved in blood pressure regulation are complex and the subject of ongoing investigation [12] ; clarification of the mechanisms involved in the blood pressure reduction seen in PC-PKD1-KO mice are clearly beyond the scope of the current study. A previous study by Muto et al. [10] demonstrated that pioglitazone reduced cyst area in a Pkd1 mutant mouse model. This whole animal Pkd1 KO model died in utero with cardiac anomalies, fetal hydrops, and renal cysts regardless of pioglitazone treatment. In contrast, PC-Pkd1-KO given pioglitazone did not have a reduction in cyst number. One reason for the difference noted in cyst formation could be related to pioglitazone dose. In the study by Muto et al. [10] , a dose of 80 mg/kg/day was administered to mothers. In the current study, mice were fed pioglitazone dosed at 30 mg/kg food; assuming a 25-gram mouse eats 4 g food/day, this is about 120 g/day or 4.8 mg/kg/day of pioglitazone. Perhaps, extremely high doses of pioglitazone reduce cyst formation, however such doses are markedly in excess of what would be expected in humans.
Pioglitazone decreased BUN in both control and PCPkd1-KO mice, while pioglitazone also increased body weight in both groups of animals. These effects are highly likely to be due to fluid retention. Studies by our group in collaboration with others have shown that TZDs induce fluid retention in mice [13, 14] ; these studies localized this effect to activation of the collecting duct epithelial sodium channel leading to enhanced renal sodium retention. In addition to the increase in body weight, kidney weight increased in mice fed pioglitazone. Since cyst number was not affected by drug treatment and since cysts occupy the vast majority of renal tissue, the increase in kidney weight must be due to increased cyst fluid content. Such a finding would not be surprising in light of our findings that pioglitazone induces sodium-retaining mechanisms in the collecting duct principal cell, the cell of origin of cysts in our model.
The cause of death in the PC-Pkd1-KO mice is presumably related to renal failure. Furthermore, the prolonged survival in pioglitazone-treated mice is presumably due to less severe renal dysfunction. Direct demonstration of these assertions is problematic given that BUN (and creatinine, although not measured) is not a highly quantitative marker of renal function in rodents. However, initial studies on PC-Pkd1-KO mice demonstrated that significant PKD1 gene recombination occurred only in the kidney [5] , making it apparent that any pathology must originally stem from renal-related issues. The only obvious systemic pathology was hypertension, and this was of a moderate degree that was unlikely to lead to nonrenal end-organ damage. In support of this notion is the absence of gross or histologically apparent abnormalities in non-renal tissues in PC-Pkd1-KO mice in the original study characterizing these animals [5] . Thus, the evidence points to a renal cause of death. It is not possible to There are limitations to this study. These animals may not completely reflect human ADPKD since mice are born with mutations in both Pkd1 alleles, while in humans, it is proposed that a mutation of the normal PKD1 allele, or a somatic modifier gene, occurs before the development of renal cysts [15] . Another limitation is that we did not specifically investigate whether the survival benefit conferred by pioglitazone was due to better blood pressure (i.e., using a third treatment group given another antihypertensive agent). However, since poorly controlled blood pressure is already known to increase PKD disease progression [11] , such studies were not deemed as being highly informative. Finally, we chose a single dose of pioglitazone. Most studies have used pioglitazone doses between 2.5 and 10 mg/kg/day [6] [7] [8] [9] 16 , 17] ; we used 5 mg/kg/day. We did not use the dose given in the study by Muto et al. [10] because those animals received very high doses of pioglitazone for only a few days; our aim was to continue pioglitazone throughout the mouse's life and at tolerable doses.
In conclusion, this study shows that pioglitazone reduces blood pressure in polycystic kidney disease mice. Pioglitazone treatment did not lead to fewer cysts or reduced proliferation. Blood pressure lowering may explain the survival advantage observed in PC-Pkd1-KO mice treated with pioglitazone. No studies have examined the effects of TZDs on renal function in patients with ADPKD; our data suggest that such studies may be warranted.
